ABSTRACT Background: Decreased 25-hydroxyvitamin D [25(OH)D] concentrations have been associated with an increased prevalence and severity of asthma and a lower response to inhaled corticosteroids. Objective: The objective was to determine the association between serum 25(OH)D concentrations and asthma prevalence, severity, and response to asthma treatment. Design: Secondary analyses were conducted in 2 samples of adolescents 12-20 y of age: 1) NHANES 2001-2006 (n = 6487), a crosssectional nationally representative sample of the US population, and 2) a cohort of inner-city adolescents with asthma managed prospectively for 46 wk with guidelines-based therapy in the Asthma Control Evaluation (ACE; n = 226) trial. Results: Mean (6SD) serum 25(OH)D concentrations in the NHANES and ACE samples were lower in African Americans than in nonAfrican Americans (NHANES: 14.9 6 6.5 compared with 23.0 6 8.4 ng/mL, P , 0.0001; ACE: 11.2 6 6.9 compared with 15.8 6 7.1 ng/mL, P , 0.0001). In the NHANES sample, mean concentrations did not differ between participants without and with asthma (African Americans: 14.9 6 6.4 compared with 15.0 6 6.6 ng/mL, respectively, P = 0.87; non-African Americans: 23.0 6 8.5 compared with 23.6 6 8.2 ng/mL, respectively, P = 0.16). In the ACE models that used either a predefined cutoff (,20 ng/mL) or linear regression, 25(OH)D concentrations showed either no relation or minor contradictory correlations with indicators of asthma severity, treatment requirements, spirometry, or atopy/inflammation. Conclusion: In 2 samples of adolescents, overall serum 25(OH)D concentrations were low and were not consistently associated with the presence of asthma, multiple asthma characteristics, asthma morbidity, or response to treatment. The ACE trial was registered at clinicaltrials. gov as NCT0011441.
INTRODUCTION

Interest in the role of vitamin D, serum 25-hydroxyvitamin D [25(OH)D]
, and health has expanded from a focus on bone health to a variety of chronic disorders and the innate and adaptive immune systems (1) . Links have been made to increased asthma prevalence (2) , morbidity (3) (4) (5) , and lower response to inhaled corticosteroids for those with decreased 25(OH)D concentrations (6) . Unfortunately, many methodologic issues limit the interpretation of these studies. For example, none of the studies used standardized therapy to ensure that the observed variation in morbidity was not due to treatment differences and none were able to follow the participants across seasons to observe seasonal variations in asthma morbidity (7) .
The objective of this report was to examine the relation between serum 25(OH)D concentrations and asthma in 2 groups of adolescents. The first group was from NHANES 2001-2006, a cross-sectional nationally representative sample of the US population. The second group was from the Asthma Control Evaluation (ACE) trial, which examined the role of the fraction of exhaled nitric oxide (FE NO ) as a biomarker of inflammation in asthma. In this study, conducted by the National Institute of Allergy and Infectious Diseases, Inner City Asthma Consortium, participants were extensively characterized before randomization and for the following 46 wk; their treatment was guided by a closely monitored algorithm designed to maximize control (8) . 
ACE study population
The primary objective of the ACE study was to evaluate whether the effectiveness of the clinical management of asthma would be increased by the incorporation of a biomarker (exhaled nitric oxide) into guidelines-based care among inner-city adolescents and young adults. A total of 546 participants 12-20 y of age with asthma, who were residents of urban census tracts in which $20% of households had incomes below the federal poverty level, were enrolled in the ACE trial at 10 large urban research centers. Participants had a physician diagnosis of asthma for .1 y or evidence of asthma symptoms for .1 y. The protocol was approved by the Institutional Review Boards at each research center. Written informed consent was obtained from each participant or their parent or legal guardian. Adolescents 12-17 y of age provided assent.
Assessment of asthma in ACE
The ACE trial had a randomized, double-blind, parallel-group design with a 3-wk run-in period to characterize participants and to establish treatment. At the initial visit, study physicians and staff assessed the participants' current medication regimens and clinical status. Physicians then selected 1 of 6 protocol-defined treatment steps (8) . Participants were randomly assigned to either a reference group or to a biomarker FE NO group and were followed for 46 wk. Participants were evaluated at 7 additional visits, at 6-8-wk intervals. Treatment was adjusted according to guideline-based algorithms (9) with or without consideration of the FE NO values. All medications were provided by the study, and a 24-h telephone number was made available for medical advice.
The primary outcome in ACE evaluated at each study visit during the 46-wk treatment period was the number of maximum days with asthma symptoms during the previous 2 wk. Other outcomes included exacerbations (systemic corticosteroids or hospitalization or emergency room visit or unscheduled visit), the dose of inhaled corticosteroids needed to maintain asthma control, spirometric measurements, the Asthma Control Test (ACT), and the Composite Asthma Severity Index, which can quantify the burden of asthma-even in the presence of good control-because it accounts for the level of required treatment (10) .
Measurement of 25(OH)D
NHANES 2001-2006
Serum 25(OH)D concentrations were measurements by using a radioimmunoassay kit (DiaSorin) (11) . had significantly higher 25(OH)D concentrations and because the non-African American sample was a very heterogeneous group in NHANES, including all those not self-identifying as African American. We felt that separate models would most clearly show the risk factors for 25(OH)D concentrations for the African American sample. The separate models also allow a comparison of the risk factors between the groups. A P value ,0.05 was considered statistically significant. All statistical analyses were performed by using SAS statistical software version 9.2 (SAS Institute Inc) and the R system for statistical computing version 2.15.2.
ACE trial
Power analyses
We believed that our sample size was large enough to be confident in our findings, even in the analyses that separated African Americans and non-African Americans. Using the sample size obtained by dichotomizing 25(OH) concentrations at 20 ng/mL, we retrospectively calculated power for the ACE study primary endpoint (ie, maximum days with asthma symptoms) for the African American and non-African American samples. Using the observed SDs for maximum days with asthma symptoms in the ACE of 1.7 for African Americans and 1.3 for non-African Americans, we had 80% power to detect a difference of 1.1 symptom days for African Americans and of 0.9 symptom days for non-African Americans. These calculations were obtained by using the observed sample sizes of 114/20 and 70/22 (,/.20 ng/mL) for African Americans and non-African Americans, respectively.
RESULTS
NHANES 2001-2006 sample
Serum 25(OH) concentrations were available for 6487 of 7171 participants (90.5%) 12-20 y of age. A total of 50% were male, 28% were non-Hispanic whites, 33% were non-Hispanic African Americans, and 35% were Mexican Americans.
25(OH)D concentrations and association with asthma in NHANES 2001-2006
In participants aged 12-20 y, the mean (6SD) serum 25(OH)D concentration was 20.3 6 8.7 ng/mL. Concentrations were significantly lower in African Americans than in non-African Americans (14.9 6 6.5 compared with 23.0 6 8.4 ng/mL, respectively; P , 0.0001). Asthma in African Americans and in non-African Americans was not found to be related to mean 25(OH)D concentrations. Nonasthmatic African Americans had 25(OH)D concentrations of 14.9 6 6.4 ng/mL, whereas African Americans with asthma had mean 25(OH)D concentrations of 15.0 6 6.6 ng/mL (P = 0.87). Although 25(OH)D concentrations, overall, were higher for non-African Americans than for African Americans, we again observed no difference between nonasthmatic (23.0 6 8.5 ng/mL) and asthmatic (23.6 6 8.2 ng/mL) non-African American participants (P = 0.16) (Figure 1 ).
ACE sample
Serum 25(OH)D concentrations were available for 226 of the 546 (41.4%) ACE participants. Because the 25(OH)D analyses were not a planned assay, but rather were performed on excess serum, a large number of sample had insufficient serum. However, participants with did not differ significantly from those without 25(OH)D measurements, except for being slightly younger (14.2 6 2.0 compared with 14.6 6 2.1 y, P = 0.024) and having a slightly higher predicted forced expiratory volume in 1 s (FEV 1 ; 97% compared with 94%, P = 0.052) ( Table 1) .
During the 46 treatment weeks, the group of participants with serum 25(OH)D concentrations experienced asthma symptoms on an average of 2.0 6 1.6 d per each 2-wk assessment, and 41% had at least one exacerbation during the study period, including 15% who experienced an exacerbation in the fall (September to November). The median dose of controller medication (fluticasone by dry powder inhaler) was 500 mg (IQR: 170-900), with 89% adherence to treatment. The mean baseline predicted FEV 1 was 97% 615%, the mean baseline FEV 1 /forced vital capacity (FVC) was 80% 6 8%, and the median baseline FE NO was 29 ppb (IQR: 14-62).
25(OH)D concentrations and association with asthma in ACE
The mean 25(OH)D concentration was 13.1 6 7.3 ng/mL. The African American ACE participants had a lower mean 25(OH)D concentration than did the non-African American ACE participants (11.2 6 6.9 compared with 15.8 6 7.1 ng/mL, respectively; P , 0.0001]. Concentrations of 25(OH)D were higher in all samples collected during the summer in African Americans with lower BMIs and in non-African Americans in the younger age group ( Table 2) .
We examined the relations between 25(OH)D concentrations and a range of asthma severity indicators. All models were controlled for intervention status, age, sex, season of measurement, and BMI percentile at baseline. Table 3) . Additional analyses were performed if 25(OH)D had a nonlinear association with any of the outcomes. No significant associations were found.
Comparison of 25(OH)D concentrations between ACE and NHANES
The 25(OH)D concentrations in African American adolescents with asthma in ACE were slightly lower than the values reported among the African American NHANES participants (11.2 6 6.9 compared with 14.9 6 6.5 ng/mL; P , 0.0001) (Figure 2) . A larger difference in the 25(OH)D concentration was seen in the non-African American adolescents with asthma in ACE compared with the non-African American NHANES participants (15.8 6 7.1 compared with 23.0 6 8.4 ng/mL, respectively; P , 0.0001.
DISCUSSION
The 2 studies available for these analyses offered unique opportunities to evaluate the role of serum 25(OH)D in asthma. The NHANES data provided the opportunity to evaluate asthma prevalence in an unbiased national sample, whereas the ACE data provided the opportunity evaluate asthma morbidity as a function of serum 25(OH)D in a closely followed and highly adherent cohort of asthmatic participants receiving standardized treatment over 46 wk. Analysis of the NHANES sample found no relation between serum 25(OH)D concentrations and reported asthma among African American or non-African American adolescents. The serum 25(OH)D concentrations in ACE were not consistently related to multiple measures of asthma severity, including the frequency of asthma exacerbations, the severity of symptoms, the amount of asthma therapy required to achieve control, predicted With respect to the relation between serum 25(OH)D concentrations and the presence of asthma, most studies have found little evidence of an association. A New Zealand birth cohort followed until 5 y of age found no relation between cord 25(OH)D concentrations and incident asthma (15) . The results of crosssectional studies have been conflicting: no association was found between 25(OH)D concentrations and the presence of asthma in NHANES III participants $12 y of age (1988) (1989) (1990) (1991) (1992) (1993) (1994) , n = 18,883) (16) , whereas the 25(OH)D concentration was lower among the children with asthma than among those without asthma in African American children 6-20 y of age who participated in an asthma genetics study (2) . A review of the association between 25(OH)D and asthma concluded that "..there is insufficient evidence of a causal association between vitamin D status and asthma per se." (17) .
Conversion of 25(OH)D to its active form 1,25 dihydroxyvitamin D in the respiratory tract has been associated with an increase in mediators of innate immune function (notably defensins and cathelicidin), which play a role in preventing respiratory infections (18) . Because most asthma exacerbations are triggered by viral infections (19) , it is reasonable to speculate that the greatest effect of 25(OH)D would be seen with exacerbations. The ACE findings showed little effect on the multiple indicators of exacerbations used in this study, except for hospitalizations, which were based on a small number of events.
Other studies that have examined 25(OH)D and the risk of exacerbations found lower concentrations associated with an increase in exacerbations. In Costa Rica, 616 children 6-14 y of age with asthma were identified as part of a family-based genetic study (3) . Mean 25(OH)D concentrations in this sample were much higher than those in ACE, and concentrations were inversely associated with some markers of asthma exacerbations (asthma hospitalizations in the previous year) but not others (asthma unscheduled visits). There was no standardization of therapy in this study. Over 4 y of follow-up in 7-11-y-olds with mild to moderate 2 Values are ORs (95% CIs). There were a total of 5, 53, 59, and 22 (2, 30, 33 , and 12) occurrences of hospitalizations, prednisone use, exacerbations, and fall exacerbations, respectively, in the African American (non-African American) sample.
3 Only 2 hospitalizations occurred in the non-African American group.
persistent asthma who participated in the Childhood Asthma Management Program and who received standardized therapy (n = 1024), concentrations of 25(OH) #30 ng/mL were associated with increased exacerbations (hospitalizations and emergency department visits) in the group randomly assigned to receive budesonide but not in the placebo or nedocromil arms. However, the concentration of 25(OH)D was not associated with the risk of receiving a course of prednisone for an exacerbation (4) . In a small study of predominantly white participants with severe (n = 36) or moderate (n = 26) asthma and nonasthmatic controls (n = 24), decreased 25(OH)D concentrations were associated with increased exacerbations (5) . Abnormalities in pulmonary flow rates and reactivity are frequently found in asthma and are predictors of asthma exacerbations (20) . The ACE study found a minimal relation between an increase in 25(OH)D concentrations and a decrease in FEV 1 /FCV-a sensitive indicator of airway obstruction in asthma (21) . In previous studies, FEV 1 /FVC was found to have no relation to 25(OH)D concentration in most (3, 4, 22) , but not all (6) , studies In a small study (n = 19) that evaluated airway remodeling in children (mean age: 11.7 y) with severe asthma ($800 mg beclomethasone or equivalent per day), a decrease in 25(OH)D was associated with an increase in the volume fraction of airway smooth muscle but not in other measures of remodeling (reticular basement membrane thickness or smooth muscle proliferation) (5) .
The amount of therapy necessary to control asthma over 46 wk was not related to 25(OH)D concentrations in the ACE trial. In the Costa Rican study, 25(OH)D concentrations were inversely related to the use of any antiinflammatory therapy (3). However, this was a generally mild group of children with asthma, because only 39% reported any use of antiinflammatory medication in the past year. Other studies found that decreasing 25(OH)D concentrations were associated with increased resistance to corticosteroids (6) , especially in children (23) .
The ACE analyses found conflicting associations between 25(OH)D concentrations and atopy, eg, total IgE decreased with increasing concentrations of 25(OH)D in non-African Americans, whereas the number of positive skin tests increased with increasing concentrations of 25(OH)D in African Americans. In the published literature, the reported relation between 25(OH)D concentrations and atopy/ inflammation is inconsistent. In the Childhood Asthma Management Program (4) and NHANES III (24), 25(OH)D concentrations were not associated with allergen skin test results. However, in the Costa Rican sample, the 25(OH)D concentration was found to have no relation to sensitivity to cockroach or Ascaris but to have decreased sensitivity to house dust mite (3) . Total IgE has been reported to be unrelated (4), to be inversely related (6), or to have a U-shaped relation (25, 26) . No significant associations between FE NO and 25(OH)D have been reported (27) .
Our study had many limitations. The very low serum concentrations of 25(OH)D found in our ACE trial appeared to be a threat to the generalizability of our findings with respect to asthma severity in the United States. However, when compared with concentrations found among African Americans in NHANES, the values were similar. Whereas larger differences were found between the non-African American samples, the difference in racial/ethnic composition of the groups made this comparison tenuous at best. Although the assays used in NHANES (radioimmunoassay) and ACE (HPLC) were different, they have been shown to produce similar results (12) . In addition, 25(OH)D concentrations in the ACE cohort had relations to the selected variables that were similar to those reported previously, eg, lowest among African Americans (28), varied inversely with BMI (28), and higher in the spring and summer (29) . In ACE, 25 conducted the research; NB: provided the essential reagents or the essential materials; PJG, SJT, HEM, RFF, and AC: analyzed the data or performed the statistical analyses; PJG, SJT, HEM, RFF, AC, NB, and WB: wrote the manuscript; and PJG, SJT, HEM, RFF, AC, EM, MK, GRB, AHL, CK, GO, JP, YR-S, WJM, CAS, NB, and WB: had primary responsibility for the final content. There were no real or apparent conflicts of interest with this article. The NIH played a role in the study design; the collection, analysis, and interpretation of the data; the writing of the report; and the decision to submit the manuscript. Neither GlaxoSmithKline nor Lincoln Diagnostic had any input in the study design; the collection, analysis, or interpretation of the data; the writing of the report; or the decision to submit the manuscript.
